Serotonin 2C receptors (5-HT 2C Rs) expressed by pro-opiomelanocortin (POMC) neurons of hypothalamic arcuate nucleus regulate food intake, energy homeostasis and glucose metabolism. However, the cellular mechanisms underlying the effects of 5-HT to regulate POMC neuronal activity via 5-HT 2C Rs have not yet been identified. In the present study, we found the putative transient receptor potential C (TRPC) channels mediate the activation of a subpopulation of POMC neurons by mCPP (a 5-HT 2C R agonist). Interestingly, mCPP-activated POMC neurons were found to be a distinct population from those activated by leptin. Together, our data suggest that 5-HT 2C R and leptin receptors are expressed by distinct subpopulations of arcuate POMC neurons and that both 5-HT and leptin exert their actions in POMC neurons via TRPC channels.
INTRODUCTION
Serotonin (5-hydroxytriptamine, 5-HT) is a neurotransmitter that regulates food intake, energy expenditure, and glucose homeostasis via actions within the central nervous system (Giorgetti and Tecott, 2004; Heisler et al., 2003) . Compounds that stimulate the release and/or inhibit the reuptake of 5-HT are potential pharmaceutical targets for the treatment of obesity (Halford et al., 2010; Smith et al., 2010) . Indeed, d-fenfluramine (d-Fen) in combination with phenteramine (Fen/Phen) was widely prescribed and was clinically effective to combat obesity. However, the use of serotonergic therapeutics resulted in an increased risk for pulmonary hypertension and ultimately resulted in the withdrawal of d-Fen from the market in 1997 (Connolly et al., 1997) . Given the paucity of effective drugs to combat obesity (Astrup, 2010; Pollack, 2010a Pollack, , 2010b , it is imperative to understand the cellular and molecular mechanisms of drugs known to be effective in decreasing food intake and body weight in humans. Understanding the beneficial anorexigenic (appetitesuppressing) effects of antiobesity serotonergic therapeutics from the adverse cardiopulmonary side effects should be critical to developing novel and safe antiobesity medications.
Recent studies have established that the 5-HT 2C receptors (5-HT 2C Rs) are key mediators of the ability of 5-HT and drugs like d-Fen to regulate food intake and body weight. For example, global deletion of 5-HT 2C Rs results in hyperphagia and obesity (Nonogaki et al., 1998; Tecott et al., 1995) . Additionally, mice lacking 5-HT 2C Rs develop insulin resistance and glucose intolerance (Nonogaki et al., 1998) . 5-HT 2C Rs also contribute to the anorexigenic effects of d-Fen (Vickers et al., 1999) . Recently, we have found that the anorexigenic effects of d-Fen are mediated in part by the 5-HT 2C Rs expressed by pro-opiomelanocortin (POMC) neurons in the hypothalamic arcuate nucleus (Heisler et al., 2002) . Notably, hyperphagia/obesity and insulin resistance observed in 5-HT 2C R null mice was normalized when 5-HT 2C Rs were re-expressed only in POMC neurons (5-HT 2C R/POMC mice) (Xu et al., 2008 (Xu et al., , 2010a . Several groups have also demonstrated that POMC neurons are activated by 5-HT 2C R agonists which results in the release of a-melanocyte stimulating hormone (a-MSH) to activate the anorexigenic central melanocortin pathway (Heisler et al., 2002 (Heisler et al., , 2006 Lam et al., 2008) .
Similar to serotonin, the adipose-derived peptide leptin exerts some of its effects by directly activating POMC neurons (Al-Qassab et al., 2009; Balthasar et al., 2005; Cowley et al., 2001; Hill et al., 2008 Hill et al., , 2010 Recently, the transient receptor potential C (TRPC) channel was found to underlie the inward currents activated by leptin (Qiu et al., 2010) . Importantly, the acute effect of leptin to activate POMC neurons mirrors that of serotonin, but it is unclear whether leptin and serotonin share a similar signaling mechanism leading to the activation of arcuate POMC neurons. Moreover, recent evidence suggests that 5-HT 2C R agonists inhibit a GABA B -activated G protein-gated inwardly rectifying K + (GIRK) conductance in POMC neurons (Qiu et al., 2007) .
However, it is unclear whether inhibition of a GIRK conductance contributes to the 5-HT 2C R induced activation of POMC neurons or underlies the effects of 5-HT 2C Rs on energy homeostasis. Thus, while available data highlight the importance of 5-HT 2C Rs in POMC neurons to the metabolic effects of serotonin in the brain, the cellular mechanisms involved in the 5-HT 2C R-induced activation of POMC neurons remain undefined.
RESULTS

5-HT 2C Rs Activate a Distinct Population of POMC Neurons
In acute hypothalamic slice preparations from POMC-hrGFP transgenic mice (Parton et al., 2007) , we examined the effect of the 5-HT 2C R agonist, m-chlorophenylpiperazine (mCPP; 4 mM), on the membrane potential of POMC neurons (Heisler et al., 2002) . POMC neurons were identified by hrGFP signals under a fluorescent microscope ( Figure 1B ). Alexa Fluor 594 was added to the intracellular pipette solutions ( Figure 1C ) for realtime confirmation that hrGFP-positive neurons were targeted for recording ( Figure 1D ) and for post hoc identification of neuroanatomical location of the recorded cells ( Figure 1E ). We recorded from 59 POMC-hrGFP neurons in control artificial cerebrospinal fluid (ACSF) bath solutions. Similar to several previous reports (Claret et al., 2007; Cowley et al., 2001; Hill et al., 2008; Williams et al., 2010) , in current clamp mode POMC neurons had a resting membrane potential of À52.2 ± 0.8 mV. Application of mCPP depolarized 15 of 59 POMC-hrGFP cells by 5.5 ± 0.4 mV (n = 15; Figure 1F ). Typically, the depolarization started gradually within 1 min of mCPP application, reached a maximal membrane potential deflection within 2 min, and was reversed upon washout of mCPP $5 min later. mCPP did not affect the membrane potential in 43 of the remaining cells, while one cell was hyperpolarized by À5 mV. For some experiments, tetrodotoxin (TTX, 1 mM) was added to the bath solution to block action potential (AP)-dependent presynaptic activity from afferent neurons that may affect the membrane potential of postsynaptic neurons targeted for recording. In the presence of TTX, application of mCPP (4 mM) resulted in a depolarization from rest in 5 of 15 POMC-hrGFP neurons (5.2 ± 0.4 mV; n = 5; Figure 1G ). The remaining 10 cells were unaffected by mCPP (0.4 ± 0.3 mV; n = 10), indicative of a direct membrane depolarization independent of AP-mediated synaptic transmission. Responses of POMC neurons to mCPP are summarized in Table 1 .
Subsequent to recording, slices were fixed and examined for their location in the rostrocaudal and mediolateral extent of the arcuate nucleus with respect to their responses to mCPP (Figure 2 ). The illustrations in Figure 2A demonstrate that mCPP-depolarized POMC neurons were located adjacent to the midline and the third ventricle. Moreover, the majority of mCPP-depolarized POMC neurons were located between coronal brain sections corresponding to levels À1.30 mm and À1.70 mm from bregma along the rostrocaudal axis (Paxinos and Franklin, 2001 ). This distribution pattern was conserved GIRK Channels Do Not Contribute to POMC Neuron Activation by 5-HT 2C Rs A recent report suggested that 5-HT 2C receptors blunt a GABA Bactivated GIRK conductance in POMC neurons (Qiu et al., 2007) . Therefore, we hypothesized that 5-HT 2C receptors blunt GABA Bactivated GIRK currents in POMC neurons ultimately leading to an activation of POMC neurons. To confirm the effects of mCPP on the GABA B -dependent outward currents, POMC neurons were voltage-clamped at a membrane potential of À40 mV, and changes in whole-cell current in response to bath application of 50 mM baclofen, a specific GABA B receptor agonist, was monitored in the presence of 0.5 mM TTX ( Figures  3A and 3B ). Similar to previous reports (Cruz et al., 2004; Qiu et al., 2007) , application of 50 mM baclofen resulted in an outward current of +17.6 ± 2.7 pA (n = 14). The baclofen-induced current (I 1 ) was readily reversible upon washout, and the baclofeninduced outward current was repeatable in subsequent applications such that baclofen resulted in a second GIRK current (I 2 ) of similar magnitude (I 2 /I 1 = 91.2% ± 5.9%; n = 6) ( Figures 3A and  3C) . Notably, the specific GABA B receptor antagonist, CGP54626 (2 mM), completely suppressed the baclofen-activated GIRK currents in POMC neurons ( Figure 3C ), which is consistent with previous reports in the midbrain (Cruz et al., 2004) . Moreover, as previously reported, pretreatment with mCPP prior to the second baclofen application significantly decreased I 2 resulting in a reduced average ratio of I 2 /I 1 (47.8% ± 5.6%; n = 4) ( Figures 3B and 3C ). These data support a role of mCPP to suppress the baclofen-induced GIRK currents in POMC neurons; however, it remains unclear if GIRK channels are involved in the mCPP-induced excitation of POMC neurons. GIRK currents contribute to the resting membrane potential of several types of neurons (Cruz et al., 2004; Lü scher et al., 1997) . Thus, in order to determine if inhibition of GABA B -activated GIRK currents may contribute to the mCPP-induced depolarization in POMC neurons we examined the effect of the GABA B antagonist CGP54626 on the resting membrane potential of POMC neurons. Perfusion of CGP54626 (2 mM) failed to alter the membrane potential of all POMC neurons tested (À53.1 ± 1.9 mV in control versus À53.5 ± 1.9 mV in CGP54626, n = 9) ( Figure 3D ) suggesting that GABA B receptors do not constitutively activate GIRK channels nor contribute to a ''leak'' GIRK conductance in POMC neurons. Therefore an mCPP-induced suppression of a GABA B activated GIRK conductance may not result in the cellular activation of POMC neurons. However, these data do not eliminate the possibility that mCPP may modulate a GIRK conductance independent of GABA B activity.
Previous reports suggest GIRK1 and/or GIRK2 subunits are largely responsible for GIRK currents in the brain (Koyrakh et al., 2005; Lü scher and Slesinger, 2010) . Thus, to further examine the contribution of GIRK channel subunits on resting membrane potential in POMC neurons, we generated POMChrGFP mice with global deletion of either GIRK1 or GIRK2. The average membrane potential of POMC-hrGFP neurons from GIRK1 knockout mice was À47.0 ± 0.6 mV (n = 16), which was significantly depolarized compared to wild-type mice (À53.3 ± 1.5 mV, n = 14, p < 0.05; Figure S2A ). In contrast, the average resting membrane potential of POMC-hrGFP neurons from GIRK2 knockout mice was similar to control POMC-hrGFP neurons (À51.3 ± 0.9 mV, n = 7, p > 0.05 versus wild-type). These results suggest that GIRK channels, which contain GIRK1 subunits, are constitutively active at rest in POMC neurons and contribute to the resting membrane potential of POMC neurons. In support of this, POMC neurons from GIRK1 knockout mice had a significantly higher input resistance as determined by hyperpolarizing current steps (1,514 ± 118 MU in GIRK1 knockout versus 1,142 ± 76 MU in wild-type mice) ( Figure S2B ). POMC neurons from GIRK2 knockout mice had a slightly higher input resistance (1,382 ± 112 MU), but the difference was not significant. We next examined the requirement of GIRK1 or GIRK2 subunits in the baclofen-induced hyperpolarization of the membrane potential of POMC neurons. Baclofen hyperpolarized 11 of 14 (78.6%) POMC-hrGFP neurons from wild-type mice by À15.1 ± 2.1 mV (from À54.3 ± 1.7 mV in control to À69.4 ± 2.4 mV in baclofen, n = 11; Figure S2C ). The hyperpolarization was accompanied by a 40.8% ± 6.2% decreased input resistance with a reversal potential of À91.2 ± 1.6 mV, supportive of K + as the major cation responsible for the membrane hyperpolarization ( Figures S2D and S2E ). In GIRK1 knockout mice, baclofen hyperpolarized 2 of 16 (12.5%) POMC-hrGFP neurons (hyperpolarized by À8 mV and À9 mV), while the remaining neurons were unchanged in response to baclofen ( Figure S2F ). In GIRK2 knockout mice, baclofen hyperpolarized 4 of 7 (57.1%) POMChrGFP neurons by À4.0 ± 0.7 mV (from À51.8 ± 1.1 mV in control to À55.8 ± 1.8 mV in baclofen, n = 4) ( Figure S2G ). These results support a key role of GIRK1 subunits, but not GIRK2, in both constitutively active and GABA B -activated GIRK currents in POMC neurons (Figures S2H and S2I) . We next determined the requirement of GIRK1 subunits in the mCPP induced depolarization of POMC-hrGFP neurons in GIRK1 knockout mice ( Figure 3E ). Perfusion of mCPP depolarized the membrane potential of 6 of 18 (33.3%) POMC-hrGFP neurons from GIRK1 knockout mice by 5.2 ± 0.3 mV (n = 6), which was similar to the effect of mCPP observed in POMC neurons from wild-type mice. Together, these data suggest that inhibition of constitutively active GIRK channels (Chen and Johnston, 2005) is not responsible for the mCPP-induced excitation of POMC neurons.
Activation of Inward Conductance Underlies POMC Neuron Depolarization by 5-HT 2C Rs
In order to further determine the conductance involved in the mCPP-induced depolarization, POMC neurons from wild-type mice were monitored for changes in input resistance and neuronal excitability. In current clamp configuration, continuous recordings of membrane potential were interrupted by hyperpolarizing rectangular current steps (500 ms; À10 to À50 pA; arrows in Figures 1F and 1G) . In control ACSF, the whole-cell input resistance of POMC neurons was 1,323 ± 60 MU (n = 59), similar to previous reports (Hill et al., 2008 (Hill et al., , 2010 . The mCPP-induced depolarization of POMC neurons was accompanied by a reversible 17.1% ± 1.5% decrease in whole-cell input resistance. Specifically, the input resistance was reduced from 1,330 ± 135 MU in control ACSF to 1,095 ± 107 MU in mCPP (n = 15) ( Figures 4A-4C) . Extrapolation of the linear slope conductance in control and mCPP-containing ACSF revealed a reversal potential (E r ) of À27.3 ± 3.4 mV (n = 15) for the depolarization ( Figure 4B ). The whole-cell input resistance of mCPPactivated cells was also decreased in the presence of TTX (22.6% ± 3.0%; from 1,364 ± 408 MU in control ACSF + TTX to 1,023 ± 266 MU in mCPP +TTX; n = 5; E r = À25.7 ± 5.0 mV) (Figure 4C) and in POMC neurons recorded from 5-HT 2C R/POMC mice (23.3% ± 5.3%, from 1,384 ± 196 MU in control ACSF to 1,066 ± 185 MU in mCPP; n = 5; E r = À28.0 ± 3.7 mV). Therefore, the mCPP-induced depolarization of POMC neurons is concomitant with an activated conductance with a reversal potential indicative of a putative mixed-/nonselective-cation channel.
Some POMC neurons were transiently monitored in voltageclamp in order to better assess changes in membrane conductance. Current-voltage relationships were examined by applying voltage ramps (À130 mV to 10 mV in 1.4 s, 100 mV/s) from a holding potential of À50 mV in 9 neurons which were depolarized in response to mCPP ( Figure S3A ). Application of mCPP resulted in an inward current at À50 mV (À7.5 ± 1.1 pA; n = 9; Figure S3C ). Extrapolation of the linear portion of the slope conductance was used to determine the whole-cell membrane conductance and reversal potential ( Figure S3D ). The membrane conductance was increased by 22.5% ± 3.4% (from 0.9 ± 0.1 nS in control ACSF to 1.1 ± 0.2 nS in mCPP, n = 9) with a reversal potential of À27.2 ± 5.4 mV (n = 9). Moreover, when Cs + was used as the major cation in the recording pipette, which blocks most leak potassium conductances including GIRK channels (Davila et al., 2003) , the mCPP induced (E) mCPP depolarized some POMC-hrGFP neurons from GIRK1 knockout mice. Continuous recordings were interrupted to apply current step pulses as indicated (arrows). Scale bar legend same as (D) (a). mCPP decreased voltage deflections in response to hyperpolarizing current steps as shown at the bottom (b). Current versus voltage (I-V) plot from same neuron illustrating a characteristic decrease in input resistance subsequent to mCPP application. Shown are responses before (control) and during mCPP application. Note that the input resistance was decreased by mCPP (c).
inward current was still observed in arcuate POMC neurons (À14.5 ± 4.2 pA, n = 3). Collectively, these data suggest that mCPP activates a mixed-/nonselective-cation whole-cell conductance independent of afferent inputs which results in a direct membrane depolarization in arcuate POMC neurons.
5-HT 2C Rs Activate POMC Neurons via PLC-Dependent TRPC Channel Activation Leptin-induced inward currents in POMC neurons have recently been attributed to the activation of TRPC channels (Qiu et al., 2010) . Given the electrophysiological properties of the mCPPactivated current observed in the present study, we hypothesized that TRPC channels may also mediate the acute effects of mCPP on POMC neurons. To directly assess the role of TRPC channels in the mCPP-dependent depolarization of POMC neurons, we used the TRPC channel antagonists, SKF96365 (100 mM) and 2-APB (100 mM) (Qiu et al., 2010) .
Preapplication of SKF96365 completely prevented the depolarization of POMC neurons by mCPP in all neurons examined (À0.1 ± 0.1 mV, n = 11; Figures 1H and 4D) . Similarly, 11 out of 12 neurons were unresponsive to mCPP when pretreated with 2-APB (0.1 ± 0.2 mV; n = 12; Figure 1H ). The remaining neuron was depolarized by 2 mV; however, the whole-cell input resistance remained unchanged throughout the recording. Previous reports suggested that TRPC channels are selectively permeable to both Na + and Ca 2+ ); thus, we replaced extracellular NaCl with equimolar choline chloride. Extracellular CaCl 2 was also replaced with equimolar MgCl 2 and 0.1 mM EGTA, which has previously been shown to greatly decrease the permeable cations through the TRPC channel (Qiu et al., 2010) . Ion replacement of extracellular Na + and Ca 2+ resulted in a failure of mCPP to depolarize all POMC neurons tested (0.1 ± 0.1 mV, n = 12; Figures 1H and 4E) . Similarly, no change in input resistance was observed in the presence of mCPP in all three conditions ( Figure 4C ). These pharmacological and ion substitution experiments suggest the involvement of TRPC channels in the mCPP-induced POMC neuronal activation.
TRPC channels may be activated by PLC and Gq proteincoupled receptors (GqPCRs) ). Since 5-HT 2C Rs are coupled to Gq proteins, we predicted that mCPP may activate the TRPC channel via the Gq-phospholipase C (PLC) signaling pathway. We tested this hypothesis using the PLC inhibitor, U73122. Preapplication of U73122 (5 mM) prevented the depolarization of POMC neurons by mCPP in all neurons examined (À0.2 ± 0.2 mV, n = 12; Figures 1H and 4C) . Thus, mCPP-induced POMC neuronal depolarization involves PLC-dependent activation of TRPC channels. The distribution of mCPP-treated POMC-hrGFP neurons for these experiments is illustrated in Figure S4 .
Serotonin and Leptin Activate Distinct Population of POMC Neurons
Serotonin and leptin both inhibit food intake and regulate energy balance and both activate TRPC channels to excite POMC neurons. We recently reported that there is a functional segregation of the acute effects of leptin and insulin in POMC neurons . Our current data suggest that serotonin and leptin share common signaling mechanisms (TRPC channels) in order to modify POMC neuronal activity. Thus, it is formally possible that 5-HT and leptin target the same POMC neurons. To further delineate whether POMC neurons could respond to both serotonin and leptin, identified POMC cells were next assessed for effects of leptin and serotonin on membrane potential following successive application of both compounds.
Application of mCPP depolarized 25% of arcuate POMC neurons and was readily reversed upon washout (Figure 1 ). Subsequent application of mCPP resulted in a depolarization that was 51.0% ± 9.9% (n = 6) of the first depolarization and suggests that although the response is smaller and maybe subject to desensitization, TRPC channels can be activated during subsequent applications. Shown are responses before (control) and during mCPP application. Note that the input resistance was decreased by mCPP.
(C) Decreased whole-cell input resistance from the neuron groups examined. Decreases in input resistance were not affected by TTX, but were significantly attenuated TRPC channel blockers (SKF96365 and 2-APB), by replacing external Na + and Ca 2+ (in Ca 2+ free/Choline), and by a PLC blocker (U73122). Data are presented in mean ± SEM and ** indicates p < 0.01.
(D) mCPP failed to depolarize POMC-hrGFP neurons in the presence of SKF96365.
(E) mCPP failed to depolarize when external Na + and Ca 2+ were replaced. 1 mM TTX was added to the external solution.
POMC neurons (5.8 ± 0.9 mV, n = 4). The remaining 28 neurons were unresponsive to mCPP (0.1 ± 0.1 mV; n = 28). After washout of the mCPP-induced depolarization, subsequent perfusion of leptin (100 nM) failed to alter the membrane potential in each of the neurons previously depolarized by mCPP (0.2 ± 0.3 mV, n = 4; Figure 5A ). However, 7 of 28 cells that did not initially respond to mCPP were subsequently depolarized in response to leptin (4.8 ± 0.4 mV, n = 7; Figure 5B ). The leptin-induced depolarization was accompanied by a 21.7% ± 2.8% decrease in input resistance (from 1,290 ± 137 MU in control ACSF to 1,006 ± 102 MU in leptin; n = 7) with a reversal potential of À28.6 ± 3.7 mV. The remaining 21 cells were unresponsive to leptin (0.2 ± 0.2 mV, n = 21). These results indicate that mCPP and leptin activate distinct subpopulations of arcuate POMC neurons ( Figure 5C ). Interestingly, when compared to the distribution of mCPP-activated POMC neurons, leptin-activated cells were located more laterally in the arcuate nucleus than the mCPP responsive neurons in a similar distribution pattern of leptin-activated POMC neurons previously reported . To further investigate the segregation of the acute leptin and serotonin effects on POMC-hrGFP neurons, we specifically labeled leptin receptor (LepR)-expressing POMC neurons using a transgenic approach. We generated POMC::LepR-cre:: tdtomato (PLT) reporter mice (see Experimental Procedures). These PLT mice enabled identification of neurons expressing POMC-hrGFP (green), LepR-cre::tdtomato (red), and POMChrGFP::LepR-cre::tdtomato (green/red) in the arcuate nucleus ( Figures 6A-1 and 6B-1) . POMC neurons from PLT mice were then examined for the acute effects of leptin and mCPP as measured by whole-cell patch clamp electrophysiology.
As expected, leptin failed to alter the membrane potential of POMC-hrGFP (green) neurons that did not express the leptin receptor reporter (À0.1 ± 0.1 mV; n = 10; Figure 6D , lower panels). In current-clamp configuration, 11 of 16 (68.7%) POMC-hrGFP::LepR-cre::tdtomato (green/red) neurons from PLT mice were depolarized in response to leptin (5.4 ± 0.4mV, n = 11; Figures 6A-2 and 6C , lower pannels). Consistent with previous studies and results in the present study, the leptininduced depolarization was accompanied by a 21.4% ± 2.7% decrease in input resistance (1,709 ± 143MU in control ACSF to 1,349 ± 142 MU in leptin, n = 11). Moreover, extrapolation of the linear slope conductance revealed a reversal potential of À28.8 ± 1.8 mV. The membrane potential of the remaining POMC-hrGFP::LepR-cre::tdtomato (green/red) neurons were either hyperpolarized (À8 mV, n = 1) or remained unchanged (0.8 ± 0.5 mV, n = 4) in response to leptin. Interestingly, 5 of 11 POMC-hrGFP neurons not expressing leptin receptors (green cells) were depolarized by 5.1 ± 0.4 mV in response to mCPP ( Figures 6B-2 and 6D, upper panels) . The mCPP-induced depolarization was accompanied by a 19.8% ± 5.1% decrease in input resistance (from 1,428 ± 252 MU resistance in control ACSF to 1,174 ± 251 MU in mCPP) with a reversal potential of À31.1 ± 4.5 mV. However, none of the POMC-hrGFP::LepRcre::tdtomato (green/red) neurons from PLT mice responded to mCPP (0.1 ± 0.2 mV, n = 20; Figure 6C , upper panels). Responses of POMC-hrGFP neurons with or without leptin receptors to mCPP and leptin are summarized in Table 2 . Together, these data support the hypothesis that the acute effects of leptin and serotonin are functionally segregated in distinct arcuate POMC neurons.
DISCUSSION
In the present study, we found that about 25% of POMC neurons are depolarized by the 5-HT 2C R agonist, mCPP via activation of TRPC channels. Additionally, these data suggest that the mCPP induced activation of POMC neurons is independent of GIRK channel activity. We also compared the activation of POMC neurons by mCPP and leptin, and found that mCPP-activated and leptin-activated POMC neurons comprised distinct populations. The segregation of mCPP-and leptin-activated POMC neurons was further confirmed by the use of a transgenic mouse model to identify the acute effects of serotonin and leptin on POMC neurons that either express or do not express leptin receptors. Our results demonstrate that serotonin and leptin, key anorexigenic signals, activate distinct subpopulations of POMC neurons via activation of TRPC channels.
The arcuate nucleus of the hypothalamus is one of the most studied regions in the brain as it relates to neuronal regulation of feeding and metabolism. Arcuate POMC neurons release a-MSH that activates downstream melanocortin receptors (MC3R/MC4R) resulting in decreased food intake. Arcuate neuropeptide Y (NPY) neurons release agouti-related peptide (AgRP) which antagonizes the action of a-MSH on MC3R/ MC4R and increases food intake. Thus, a-MSH and AgRP reciprocally regulate the central melanocortin pathway to modulate energy balance and glucose homeostasis. The anorexigenic effect of d-Fen is mediated by the activation of POMC neurons through 5-HT 2C R and subsequent activation of melanocortin pathway (Heisler et al., 2002; Xu et al., 2010b) . On the other hand, 5-HT 1B R agonists hyperpolarize NPY neurons which decrease the frequency of inhibitory postsynaptic currents (IPSCs) onto POMC neurons resulting in the activation of the central melanocortin pathway by indirectly increasing a-MSH release from POMC neurons and directly decreasing AgRP release (Heisler et al., 2006) . Of note, disturbances in the regulation of food intake and insulin sensitivity found in 5-HT 2C R null mice are normalized by the re-expression of 5-HT 2C R in POMC neurons (Xu et al., 2008 (Xu et al., , 2010a . Moreover, the activation of POMC neurons by 5-HT 2C Rs underlies these observations since mCPP did not depolarize POMC neurons from 5-HT 2C R null mice; rather depolarizing POMC neurons from mice which selectively expressed 5-HT 2C R in POMC neurons ( Figure S1 ; Xu et al., 2010a) . Therefore the melanocortin pathway is a key mediator through which serotonin regulates metabolism.
A recent study first suggested the role of hypothalamic GIRK channels in regulating food intake and body weight (Perry et al., 2008 ). In the current study, we demonstrated a major role of GIRK1 subunits in both constitutively active and GABA B -activated GIRK channel in POMC neurons. POMC neurons in GIRK1 knockout mice showed a significant ($6 mV) depolarization of the resting membrane potential and impaired hyperpolarizing response to baclofen. The GIRK1/2 heteromultimer is the neuronal GIRK channel prototype (Lü scher and Slesinger, 2010), and this would be the first example where an electrophysiological phenotype was observed in GIRK1 knockout but not GIRK2 knockout neurons. Since GIRK1 alone cannot form a functional channel (Hedin et al., 1996; Kennedy et al., 1996; Kennedy et al., 1999; Krapivinsky et al., 1995; Ma et al., 2002) , it suggests that GIRK1 is interacting with GIRK3 or GIRK4 to form the GIRK channel in POMC neurons. Although the physiological significance of GIRK1 subunit in POMC neurons remains to be determined, given the role of GABA release from NPY neurons in energy balance and the presence of GABAergic inputs to POMC neurons from adjacent NPY neurons (Cowley et al., 2001; Tong et al., 2008) , GIRK channels may be the postsynaptic target to mediate the observed metabolic phenotypes.
TRPC channels are a family of the larger TRP channels, and further classified into 4 subfamilies (TRPC1, TRPC4/5, TRPC3/ 6/7, and TRPC2) . TRPC channels are known to have numerous physiological functions Freichel et al., 2005) , including a role of TRPC3 in motor coordination (Hartmann et al., 2008) and TRPC5 in fear conditioning (Riccio et al., 2009) in brain. Interestingly, recent evidence suggests an emerging role for TRPC channels in the regulation of energy homeostasis by leptin (Qiu et al., 2010) and now serotonin. We found an involvement of PLC in 5-HT 2C R depolarization of POMC neurons. It has been shown that TRPC3/6/7 are activated by diacylglycerol (DAG) (Hofmann et al., 1999; Trebak et al., 2003) , but it is not clear if these channels are also activated by DAG generated from PLC-protein kinase C (PKC) signaling pathway in native systems. On the other hand, TRPC4/5 has been shown to be activated by PLC and Gq protein-coupled receptors (GqPCRs) ). Thus, TRPC4/5 are potential molecular candidates mediating the mCPP-induced depolarization of POMC neurons. This hypothesis is supported by the single cell reverse transcription polymerase chain reaction (RT-PCR) data performed in mouse POMC neurons suggesting that the most prevalent subunit in POMC neurons was TRPC5, and this was followed by TRPC1, 4, and 7 (Qiu et al., 2010) . Moreover, the leptin-mediated inward currents were shown to be dependent on PLCg which is a possible downstream signaling molecule of PI3K pathway. Although these data suggest potential compositions of the TRPC channel involved in the 5-HT 2C R acute activation of POMC neurons, the identity of the TRPC channel remains undefined.
The current study suggests that TRPC channels may be a common ion channel mediating the acute effects of the two potent anorexigenic signals, leptin (Qiu et al., 2010) , and serotonin. Although leptin and serotonin share a common target of cellular activation, TRPC channels, it was unclear if the acute effects of serotonin and leptin are observed in a similar subpopulation of arcuate POMC neurons. It is possible that 5-HT 2C R and leptin receptor activate different intracellular signaling pathways within the same neuron. For instance, 5-HT 2C R has been shown to activate PLC-PKC-IP 3 -dependent signaling pathways while leptin receptor activates PI3K-dependent downstream pathways both resulting in activation of TRPC channels. An alternative possibility is that POMC neurons activated by 5-HT 2C R and leptin receptor are anatomically segregated in the arcuate nucleus. This possibility was recently demonstrated for the acute effects of leptin and insulin, as at least two functionally heterogeneous groups of arcuate POMC neurons . We found in the present study that mCPP and leptin activate distinct subpopulations of POMC neurons (Figures 5 and 6) . Our results support the model of a diversity of POMC neuronal populations suggesting that there are at least 3 functionally heterogeneous groups of POMC neurons.
Intriguingly, deletion of leptin receptors selectively in POMC neurons does not significantly alter food intake (Balthasar et al., 2005; Hill et al., 2010) . However recent evidence suggests reactivation of 5-HT 2C R selectively in POMC neurons blunts the hyperphagia characteristic of 5-HT 2C R null mouse (Xu et al., 2008) . Together with the current study suggesting that 5-HT 2C R and LepRs both activate POMC neurons via a TRPC conductance (Qiu et al., 2010) , these data suggest a segregation of the metabolic effects of leptin and serotonin in arcuate POMC neurons. In support of these data, we now demonstrate via the use of a novel transgenic line (PLT mice) that the acute effects of leptin and serotonin are segregated in POMC neurons.
Our results also indicate that mCPP-activated and leptinactivated POMC neuronal subpopulations may modify the activity of POMC neurons which project to different brain regions and activate melanocortin pathways of distinct functions. We previously reported a divergence of melanocortin pathways in controlling food intake and energy expenditure (Balthasar et al., 2005) . MC4Rs in paraventricular hypothalamus and amygdala were responsible for the regulation of food intake while those in other unidentified brain regions were responsible for energy expenditure. It is currently unclear which areas each subpopulation of POMC neurons projects to, but the possibility of differential projection by mCPP-or leptin-activated POMC neurons will be an exciting focus of future studies.
In conclusion, our results provide a cellular mechanism for the ability of 5-HT to activate POMC neurons. This may prove to be useful in the design of rational pharmaceutical strategies to combat obesity and diabetes. We also provided evidence that POMC neurons are activated by either 5-HT 2C R or leptin receptor alone, but not by both. Our results further highlight the functional heterogeneity of POMC neurons regulating energy balance.
EXPERIMENTAL PROCEDURES Mice
Male (4-16-week-old) pathogen-free POMC-hrGFP mice (Parton et al., 2007; Ramadori et al., 2008) expressing humanized Renilla green fluorescent protein (hrGFP) under the transcriptional control of the Pomc gene were used for all experiments so that we may identify POMC neurons. 5-HT 2C R null mice (Xu et al., 2008) were crossed with POMC-hrGFP mice for some experiments. These mice were then crossed with POMC-cre mice to specifically activate 5-HT 2C Rs in POMC neurons. GIRK1 or GIRK2 knockout mice were crossed with POMC-hrGFP mice for some experiments. To identify POMC neurons with or without leptin receptors, we first generated LepR reporter mice by mating LepR-cre mice (Scott et al., 2009 ) with the tdtomato reporter mouse (Jackson Laboratory, #007908). LepR-cre::tdtomato reporter mice were subsequently mated with POMC-hrGFP mice to produce POMC::LepRcre::tdtomato (PLT) mice. All mice used in this study were housed in a lightdark (12 hr on/off; lights on at 7:00 a.m.) and temperature-controlled environment with food and water available ad libitum in the University of Texas Southwestern Medical Center Facility. All experiments were performed in accordance with the guidelines established by the National Institute of Health Guide for the Care and Use of Laboratory Animals, as well as with those established by the University of Texas Institutional Animal Care and Use Committee.
Electrophysiology
Whole-cell patch-clamp recordings from POMC-hrGFP neurons maintained in hypothalamic slice preparations and data analysis were performed as previously described (Hill et al., 2008) . Briefly, 4-to 16-week-old male mice were deeply anesthetized with i.p. injection of 7% chloral hydrate and transcardially perfused with a modified ice-cold artificial CSF (ACSF) (described below), in which an equiosmolar amount of sucrose was substituted for NaCl. The mice were then decapitated, and the entire brain was removed, and immediately submerged in ice-cold, carbogen-saturated (95% O 2 and 5% CO 2 ) ACSF (126 mM NaCl, 2.8 mM KCl, 1.2 mM MgCl 2 , 2.5 mM CaCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , and 5 mM glucose). A brain block containing the hypothalamus was made. Coronal sections (250 mm) were cut with a Leica VT1000S Vibratome and then incubated in oxygenated ACSF at room temperature for at least 1 hr before recording. Slices were transferred to the recording chamber and allowed to equilibrate for 10-20 min before recording. The slices were bathed in oxygenated ACSF (32 C-34 C) at a flow rate of $2 ml/min. The pipette solution for whole-cell recording was modified to include an intracellular dye (Alexa Fluor 594 or Alexa Fluor 350) for whole-cell recording: 120 mM K-gluconate, 10 mM KCl, 10 mM HEPES, 5 mM EGTA, 1 mM CaCl 2 , 1 mM MgCl 2 , and 2 mM MgATP, 0.03 mM Alexa Fluor 594 or Alexa Fluor 350 hydrazide dye (pH 7.3). K-glucoate was replaced by equimolar Cs-gluconate for some experiments. Epifluorescence was briefly used to target fluorescent cells, at which time the light source was switched to infrared differential interference contrast imaging to obtain the whole-cell recording (Zeiss Axioskop FS2 Plus equipped with a fixed stage and a QuantEM:512SC electronmultiplying charge-coupled device camera). Electrophysiological signals were recorded using an Axopatch 700B amplifier (Molecular Devices), lowpass filtered at 2-5 kHz, and analyzed offline on a PC with pCLAMP programs (Molecular Devices). Recording electrodes had resistances of 2.5-5 MU when filled with the K-gluconate internal solution. Input resistance was assessed by measuring voltage deflection at the end of the response to a hyperpolarizing rectangular current pulse steps (500 ms of À10 to À50 pA). Membrane potential values were compensated to account for junction potential (À8 mV). mCPP (4 mM, Aldrich) and leptin (100 nM; provided by A.F. Parlow, through the National Hormone and Peptide Program) were added to the ACSF for specific experiments. Solutions containing mCPP or leptin were typically perfused for 2-4 min. A drug effect was required to be associated temporally with peptide application, and the response had to be stable within a few minutes. A neuron was considered depolarized or hyperpolarized if a change in membrane potential was at least 2 mV in amplitude. After recording, slices were fixed with 4% formalin in PBS at 4 C overnight. After washing in PBS, slices were mounted onto slides, covered in Vectashield (Vector Laboratories), and coverslipped to reduce photo-oxidation during visualization with fluorescent light. Cells were then visualized with ApoTome imaging system (Imager Z1; Zeiss) to identify post hoc the anatomical location of the recorded neuron.
Drugs TTX, SKF96365, 2-APB, baclofen, and CGP54626 were obtained from Tocris. U73122 was obtained from Calbiochem. All solutions were made according to manufacturer's specifications. Stock solutions of SKF96365, 2-APB, CGP54626, U73122 were made by dissolution in DMSO (Sigma). The concentration of DMSO in the external solution was <0.1%. Stock solutions of leptin were made by dissolution in D-PBS (GIBCO). Stock solutions of mCPP, TTX, and baclofen were made by dissolution in deionized water.
Data Analysis
Statistical data are expressed as mean ± SEM, where n represents the number of cells studied. The significance of differences between was evaluated using unpaired two-tailed Student's t test with a confidence level of p < 0.05(*) or p < 0.01 (**).
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